Although Kruppel-like factor 5 (KLF5) is a transcription factor that has been implicated in pathways critical to carcinogenesis, controversy persists as to whether it functions as a tumor suppressor or as an oncogene. Here, we describe a novel role for KLF5 in a p53-independent apoptotic pathway. Using RNA-interference technology, we show that cells deficient in KLF5 have increased sensitivity to DNA damage, regardless of p53 status. Both p53 and p53-dependent factors are unaffected by KLF5 depletion. Instead, the apoptotic phenotype consequent to damage is associated with reduced bad phosphorylation, and downregulation of Pim1. Consistently, transfection of wild-type Pim1 is sufficient to rescue this phenotype. Previous data have shown a number of putative Sp1-binding consensus sequences on the Pim1 promoter. Remarkably, chromatin immunoprecipitation studies show that KLF5 binds to the Pim1 promoter, and that binding increases soon after damage. These results identify a novel, p53-independent apoptotic pathway through which KLF5 functions in response to DNA damage. Therapeutic deregulation of this pathway could be used to modulate chemosensitivity.
Introduction
Elucidating apoptotic pathways has been instrumental in understanding various aspects of cancer biology. Apoptosis is the end point for a range of tumor-suppressive mechanisms, evolved to prevent the emergence of autonomous cells. Programmed death pathways feature prominently in the DNA damage response, where they serve to prevent the accumulation of mutations. In this regard, it is a long-held view that the key determinant of DNA damage response is the activation of p53 and p53-dependent pathways, which in turn results in cell cycle arrest and/or apoptosis (Vousden and Lu, 2002) . While the canonical position of p53 as the guardian of the genome cannot be overemphasized, there is an emerging field of evidence to suggest that a number of alternative pathways not involving p53 also play crucial, albeit less dominant roles in apoptosis. These include both factors that modulate the p53 response without themselves being dependent on p53 (such as c-myc, p300 and E2F), as well as factors that bypass the p53 pathway and directly influence apoptosis (such as bcl2) (Chao and Korsmeyer, 1998; Seoane et al., 2002; Iyer et al., 2004; Zhao et al., 2005) . Importantly, the latter group of p53-independent modulators of apoptosis includes several factors (for example, Akt, Pim and pp90RSK) that make up the survival pathways (Amaravadi and Thompson, 2005; Hammerman et al., 2005) . These are especially important in coupling oncogenic pathways with apoptosis. In an environment replete of p53 function, which is the scenario in most cancers, p53-independent mechanisms may play vital, yet under-recognized roles in the cellular response to DNA damage. Therefore, understanding these pathways may provide valuable insight into hitherto unknown aspects of tumor biology, with consequent prognostic and therapeutic implications.
In this study, we focus our attention on a transcription factor, Kruppel-like factor 5 (KLF5), which has not previously been implicated in the DNA damage response. Kruppel-like factors belong to a family of Sp1-like zinc-finger proteins, with over twenty members identified to date (Black et al., 2001; Kaczynski et al., 2003; Safe and Abdelrahim, 2005) . These proteins regulate gene expression by binding GC-rich regulatory elements within promoters. There is increasing evidence to suggest that KLFs play a central role in the regulation of cell growth, proliferation, differentiation and tumorigenesis. KLF5 is the fifth member of this family, and has been demonstrated to mediate various aspects of cardiovascular physiology, including remodeling, differentiation and development (Shi et al., 1999; Nagai et al., 2003; Ghaleb et al., 2005; Suzuki et al., 2005) . Recent studies also suggest that KLF5 plays a role in tumor progression in breast and prostate cancers (Chen et al., 2002 (Chen et al., , 2003 . While functional assays in untransformed cells show KLF5 to be associated with cellular proliferation, experimental data in cancer cells have been contradictory as to whether KLF5 acts as an oncogene or a tumor suppressor (Bateman et al., 2004) . Overexpression of KLF5 in bladder cancer cells was shown to promote tumorigenesis in mice, increase G 1 to S-phase transition, activate mitogen-activated protein kinase and Akt pathways and increase cyclin D1 transcription (Chen et al., 2006) . In contrast, KLF5 reduced cell viability and inhibited cell proliferation in esophageal and breast cancer cell lines (Chen et al., 2002; Yang et al., 2005) . Tumor analyses have demonstrated the loss of KLF5 expression in numerous cancers, either through hemizygous deletion, or through activation of ubiquitination-proteosome pathways (Chen et al., 2003 (Chen et al., , 2005a .
In this report, we show that KLF5 plays an important role in modulating apoptosis secondary to DNA damage in a p53-independent manner, and suggest a mechanism through which this occurs.
Results
KLF5 is activated in response to DNA damage in a p53-independent manner Previous microarray data suggest that KLF5 transcription is induced after DNA damage in a p53-dependent manner (Kho et al., 2004) . To verify these findings, we performed western blots on HCT116 cells (which are p53 wild type) treated with 5-fluorouracil (5FU) ( Figure 1a ) and ultraviolet irradiation (UVR) (data not shown). These confirmed that KLF5 protein levels increase soon after DNA damage: levels were maximal 8 h after 5FU treatment. When similar experiments were carried out on p53-deficient derivatives of HCT116 (HCT116 p53 À/À), KLF5 levels increased in identical fashion. Treatment with different drug doses demonstrates that KLF5 induction occurs at lower 5FU doses than required to induce apoptosis, but is maximal above concentrations of 300 nM (Figure 1b) . These experiments show that DNA damage induces KLF5 expression regardless of p53 status.
Loss of KLF5 promotes apoptosis in response to DNA-damaging agents regardless of p53 status To analyse further the role of KLF5 in the DNA damage response, we generated KLF5 stable knockdowns (KLF5 short hairpin RNA (shRNA)) from HCT116 using shRNA technology. Cells stably transfected with a scrambled shRNA sequence (NC shRNA) were used as controls. All subsequent experiments were performed on two independently derived pairs of cells, and average expression levels of KLF5 in these cells are shown (Figure 1c ). When treated with 5FU and UVR, KLF5-depleted cells demonstrated a doubling of apoptotic fractions compared to controls (Figures 2a and b) . Western blots of apoptotic markers caspase-9 and PARP confirmed these findings (Figure 2c ).
To demonstrate that this phenotype was neither peculiar to the HCT116 cell line nor to the p53 status of cells, we carried out similar DNA damage experiments on a number of different cell lines. In these analyses, we used A549 (p53 wild type), HCT15 (p53 mutant) and HCT116 p53 À/À cells. KLF5 depletion was achieved using commercially obtained small interfering RNA (siRNA) molecules (both KLF5-specific and negative controls) from Dharmacon Inc. (Lafayette, CO, USA), and depletion confirmed at the start of all experiments by western blots (data not shown). In every case, apoptotic fractions were doubled in KLF5-depleted cells after 5FU treatment (Figure 2d ). However, the effect of KLF5 depletion on apoptosis was more dramatic in cells wild type for p53. These experiments show that loss of KLF5 sensitizes cells to DNA-damaging agents.
Increased apoptosis in KLF5-depleted cells is not associated with abnormalities in p53-dependent pathways, but occurs secondary to reduced bad phosphorylation Western blots were performed to determine levels of p53 and p53-dependent factors in KLF5 shRNA and NC shRNA cells after 5FU treatment (Figure 3a ). These showed that there were no differences in p53, p21, PUMA and NOXA levels that could account for the increased level of apoptosis in KLF5-depleted cells. Levels of E2F1 and E2F4, which have previously been 
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To determine whether KLF5 affects factors involved in the apoptotic response, we performed western blots to determine levels of Bax, Bcl2, Bid, BclX L , BclX S (Figure 3b ), Bad and phospho-Bad, in treated cells ( Figure 3c ). KLF5 loss specifically resulted in reduced Bad phosphorylation at both ser112 and ser136 residues. Densitometric analysis confirmed that reduced Bad phosphorylation was significant across triplicate blots KLF5 modulates apoptosis through Pim1 Y Zhao et al (Supplementary Data) . All other factors examined were unaffected. Interestingly, there was no difference in phosphorylation levels of BclX L , Bax, Bid (migration patterns in Figure 3b ) or Bcl2 (data not shown) between the two cell lines. These experiments confirm that KLF5 modulates the apoptotic response in a p53-independent manner and suggest an association between KLF5 and Bad phosphorylation.
Loss of KLF5 promotes apoptosis through Pim1 kinase Recent data have shown that apoptosis can be controlled by a number of survival pathways, which converge to affect phosphorylation of Bad (Bergmann, 2002) . Of these, the best characterized are the Akt, Mek/ Erk and Pim kinases. Our western blots showed that 5FU-treated KLF5 shRNA and NC shRNA cells have identical levels of Akt, phospho-Akt, Mek1/2, phosphoMek1/2, Erk1/2 and phospho-Erk1/2 (Figure 4a ). However, levels of Pim1 kinase differed significantly depending on KLF5 status. In NC shRNA cells, Pim1 levels increased soon after 5FU-induced DNA damage ( Figure 4b ). However, in KLF5-deficient cells, Pim1 protein levels did not increase and remained at levels lower than those seen in NC shRNA cells. Similar results were obtained when cells were treated with UVR ( Figure 4c ). Real-time reverse transcription (RT)-PCR demonstrated that loss of KLF5 results in a failure to induce Pim1 expression after 5FU or UVR-induced damage, compared to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Pim2 controls (Figure 4d ). These results suggest that KLF5 loss results in a failure to induce Pim1 in response to DNA damage.
Overexpression of Pim1 reverses the phenotype induced by KLF5 loss To confirm that the phenotype seen in KLF5-depleted cells is mediated through Pim1, we transiently transfected NC shRNA and KLF5 shRNA cells with constructs overexpressing Pim1, and treated cells with 5FU. In these experiments, cells were also transfected with constructs expressing Pim2 and a kinase-deficient Pim1 mutant (mutant Pim1) as controls. Expression levels of Pim1 and Pim2 were confirmed by western blots (data not shown). Cell cycle profiling showed that only cells transfected with wild-type Pim1 had apoptotic fractions similar to NC shRNA cells ( Figure 5a) ; overexpression of Pim2 and mutant Pim1 failed to rescue the apoptotic phenotype. Overexpression of all three factors had no effect on apoptosis in NC shRNA cells. Altogether, these experiments show that the increased sensitivity of KLF5-depleted cells to DNA damage is mediated through Pim1-survival kinase.
KLF5 binds to Pim1 promoter consequent to DNA damage Previous data have shown that the Pim1 gene promoter contains a number of putative Sp1 sites, suitable for KLF5 binding (Meeker et al., 1990) . We performed chromatin immunoprecipitation (ChIP) in HCT116 cells subject to DNA damage: KLF5 antibodies were used to pull down chromatin fractions bound to KLF5, and PCR was performed using primers flanking two Expression levels were determined using real-time RT-PCR, in triplicate experiments with GAPDH control. Error bars denote one standard deviation. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT, reverse transcription; shRNA, short hairpin RNA.
Y Zhao et al segments on the Pim1 promoter known to contain putative Sp1 consensus sequences. PCR showed that treatment with 5FU results in increased binding of KLF5 to one of the two Sp1-binding regions (located between nucleotide -953 and -789 of the Pim1 promoter region) compared to untreated cells (Figure 5b ). This suggests that in response to DNA damage, KLF5 binds to the Pim1 promoter and regulates expression.
Discussion
Previous studies have implicated the KLF5 protein not only in the regulation of proliferation, cell cycle progression, cellular proliferation and differentiation, but also in carcinogenesis (Sun et al., 2001; Chen et al., 2002 Chen et al., , 2003 Nandan et al., 2004; Ghaleb et al., 2005) . However, the underlying molecular mechanism for KLF5 in cancer pathogenesis remains largely unclear. Given its role in cell cycle control and proliferation, some controversy exists as to whether KLF5 functions as a tumor suppressor, as there is an equal degree of evidence suggesting otherwise. The apparent contradiction in experimental data suggests that the role of KLF5 in these pathways is largely context dependent.
The possibility that KLF5 expression is induced by DNA-damaging agents prompted us to question if KLF5 functions in an alternative capacity in damageresponse and/or apoptotic pathways. In addition to phorbol esters and mitogenic stimuli, previous data suggest that KLF5 expression could also be induced by chemotherapeutic agents (Kho et al., 2004) . It was hypothesized that this is p53 dependent, and that KLF5 functions as a transcriptional target of p53. Hence, we were not surprised to find that KLF5 levels increased soon after UV and 5FU induced DNA damage. However, our experiments also indicate that this induction occurred even in a p53-null background, and at sub-apoptotic doses of DNA-damaging agents.
Our subsequent findings were derived from experiments performed in cells where KLF5 has been depleted, either stably or transiently, using RNA-interference technology. Loss of KLF5 consistently results in an increased sensitivity to DNA damage, regardless of cellular p53 status. Unlike the role of KLF5 in cell cycle and proliferative pathways, the apoptotic phenotype consequent to KLF5 depletion appears to be independent of cellular context. Substantiating a p53-independent mechanism of control, we showed that neither p53 nor the main p53-dependent targets analysed were affected by KLF5 depletion. Indeed, preliminary microarray analyses comparing transcriptional profiles of 5FU treated, KLF5-deficient cells are consistent with these findings, showing no differences between the major p53 transcriptional targets (MS Hamza and NG Iyer, manuscript in preparation). These results raise the distinct possibility that KLF5 modulates DNA damage-induced apoptosis through a p53-independent mechanism.
Despite the significant increase in cell death secondary to DNA damage in KLF-deficient cells, most of the key mediators controlling intrinsic apoptotic pathways (Bax, Bcl2, BclXL, PUMA and NOXA) were unaffected. Instead, the increased sensitivity seen was associated with markedly reduced levels of Bad phosphorylation, at two specific residues: ser112 and ser136. Analyses of Bad kinases showed that only Pim1 levels were reduced, both at transcript and protein levels. Furthermore, overexpressing Pim1 (but not Pim2 or a kinase-deficient Pim1 mutant) was sufficient to reverse the apoptotic phenotype in KLF5-deficient cells. Finally, ChIP demonstrated that occupancy of KLF5 on the Pim1 promoter increases consequent to DNA damage.
The role of Bad in apoptotic control is undisputed (Chao and Korsmeyer, 1998) . More importantly, the control of Bad activity appears to be at the junction where various signal transduction pathways are coupled to apoptosis (Bergmann, 2002) . When unphosphorylated, active Bad induces apoptosis by sequestering antiapoptotic members of the Bcl2 family (for example, Bcl2 and BclXL), permitting aggregation of pro-apoptotic members (for example, Bax and Bak) (Ruvolo et al., 2001) . The latter then drives cytochrome C release and caspase activation. In contrast, Bad activity is repressed KLF5 modulates apoptosis through Pim1 Y Zhao et al by phosphorylation at three specific residues by several cytoplasmic serine/threonine kinases, and these include survival kinases such as Akt and members of the Pim family (Mitsiades et al., 2004; Macdonald et al., 2006) .
While previous experiments have implicated KLF5 in pathways that promote Akt activity, we found that levels of Akt and phospho-Akt were unaffected in KLF5-deficient cells (Chen et al., 2006) . Instead, Pim1 expression levels were reduced in these cells. In fact, microarray experiments in drug-treated cells show that Pim1 is one of the most significantly downregulated genes in KLF5-depleted cells (MS Hamza and NG Iyer, manuscript in preparation). Pim1 belongs to a family of survival kinases that function downstream of JAK/ STAT activation, and regulates both apoptosis and cellular metabolism (Hammerman et al., 2005) . Pim1 phosphorylates a range of cellular substrates, which includes Bad at two distinct residues: ser112 and ser 136 (Aho et al., 2004; Macdonald et al., 2006) . Interestingly, unlike all other serine/threonine kinases known to phosphorylate bad, Pim1 activity is regulated at the transcription level, that is, by controlling expression levels of the active protein. It is evident in our experiments that the increase in Pim1 levels mirrors KLF5 induction (in cells wild type for KLF5), in response to DNA damage. Moreover, previous data have established that there are several Sp1-binding sites on the Pim1 promoter, where KLF5 could potentially bind (Meeker et al., 1990) . ChIP experiments described here certainly support this prediction: KLF5 binding to one of these Sp1 consensus sites, between nucleotides -953 and -789 on the Pim1 promoter, increased soon after damage. We hope that future experiments using promoter assays will verify these findings and narrow down the specific Sp1 sites responsible for KLF5-induced transactivation of Pim1. We therefore hypothesize that in response to DNA damage, KLF5 is induced, and in turn functions as a transcriptional activator of Pim1 expression. Conversely, loss of KLF5 results in a failure to transactivate Pim1, reduced bad phosphorylation and increased apoptosis.
The potential clinical implications of these findings are intriguing. Our data suggest that KLF5 depletion increases chemosensitivity in a cell culture environment. KLF5 expression has been shown to be reduced in several types of cancers (Dong, 2001; Chen et al., 2002 Chen et al., , 2003 . Future studies should establish whether KLF5 expression in primary tumor samples correlates with chemotherapeutic response in patients. Interestingly, it has been shown that Pim1 levels serve as a good predictor of response to 5FU-based chemotherapy in patients with gastric cancer (Chen et al., 2005b) . Equally provocative is the notion that inhibitors of KLF5 and Pim1 could be used in a therapeutic setting to augment tumor sensitivity to DNA-damaging agents.
While there is little mechanistic overlap between the control of cellular proliferation and apoptosis, the two processes are coupled at various levels by key molecules (Felsher, 2003) . Factors responsible for orchestrating these diverse, yet interdependent pathways are often targets for oncogenic mutations. There is little doubt that KLF5 acts as an important regulator of cellular proliferation, affecting cell survival, transformation and angiogenic pathways. In this report, we show that KLF5 also plays a critical role in modulating apoptosis through Pim1 signaling.
Materials and methods
Cell culture HCT116, A549 and HCT15 cell lines were obtained from ATCC (Manassas, VA, USA), while HCT116 p53 À/À were kind gifts from Dr B Vogelstein (Polyak et al., 1996) . Cells were cultured in Dulbecco's modified Eagle's medium, supplemented with 10% fetal calf serum (Sigma, St Louis, MO, USA). All drugs were obtained from Sigma unless otherwise stated. DNA damage was induced with 5FU (375 ng/ml) and UV irradiation (15 J/m 2 ); the latter delivered using a Stratalinker UV-crosslinker (Stratagene, La Jolla, CA, USA). KLF5-deficient (KLF5 shRNA) and negative controls (NC shRNA) were generated by transfecting HCT116 cells with KLF5 shRNA and negative shRNA constructs, respectively. Stable transfectants were selected with 50 mg/ml puromycin, and individual clones were isolated and expanded under selective conditions. KLF5 expression levels were determined before each experiment to ensure adequate knockdown.
Plasmid constructs KLF5 shRNA and negative control shRNA constructs were generated using the pRetroQ vector system according to the manufacturer's protocol (BD Biosciences, San Jose, CA, USA). KLF5 target sequence used for RNA-interference was 5 0 -GCTCACCTGAGGACTCA-3 0 . Wild-type and kinase-deficient (NT81, where N terminus truncated of 81 amino acids) mutants of pSV-pim-1 and wild-type pSV-pim-2 constructs were generous gifts from Dr Koskinen (described in Aho et al., 2004; Rainio et al., 2005) .
Flow cytometry analysis
Cells were harvested, fixed and stained with propidium iodide (50 mg/ml) after treatment with RNase (100 mg/ml). Stained cells were analysed for DNA content by flow cytometry using a FACScalibur (BD Biosciences). Cell cycle fractions were quantified using the CellQuest software.
Western blotting
Western blots were performed as described previously, using the following antibodies: goat anti-KLF5/BTEB2 (A-16), mouse anti-p53 (DO-1), mouse anti-Bcl-2, ADP-ribose antip21, rabbit anti-bcl-X L , rabbit anti-bcl-X S, mouse anti-bax, mouse anti-pim1, mouse anti-E2F1, rabbit anti-E2F4, mouse anti-PARP (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), rabbit anti-Akt, rabbit anti-phospho-ser473-Akt, rabbit anti-MEK1/2, rabbit anti-phospho-Ser217/221-MEK1/2, rabbit anti-ERK1/2, rabbit anti-phospho-Thr202/Tyr204-Erk, rabbit anti-bad, rabbit anti-phospho-ser112-Bad, rabbit antiphospho-ser136-bad and rabbit anti-caspase-9 (Cell Signaling Technologies, Danvers, MA, USA) (Zhao et al., 2005) . Results were quantified by densitometric analysis using AlphaEase software. All western blots were performed in triplicate; blots shown are representative examples.
RNA interference
SMARTpool KLF5 small interfering RNAs (siRNA) and negative control siRNA (siCONTROL nontargeting pooled) KLF5 modulates apoptosis through Pim1 Y Zhao et al were purchased from Dharmacon Inc. Cells were transfected using the LipofectAMINE 2000 reagent (Invitrogen, Singapore, Singapore) according to the manufacturer's protocol.
Real-time RT-PCR
Total cellular RNA was isolated using an RNeasy mini-kit (Qiagen, Valencia, CA, USA), and cDNAs synthesized using the one Step RT-PCR Kit (Clontech, Mountain View, CA, USA) according to the manufacturer's protocol. Quantification of KLF5, pim1, pim2 and b-actin transcript levels was performed as reported previously (Iyer et al., 2004) . Quantitative real-time PCR was performed on cDNA products using the DNA Engine Opticon Real-time Detection System (MJ Research, Waltham, MA, USA) and the QuantiTect SYBR Green RT-PCR kit (Qiagen). Copy numbers were estimated from the threshold amplification cycle numbers using software supplied. Primer sequences are available upon request.
Chromatin immunoprecipitation
ChIP was performed as previously described (Zhao et al., 2005) . Antibodies used were goat anti-KLF5 (A-16) and normal goat immunoglobulins (Santa Cruz Biotechnologies). PCR primers were designed to amplify two separate regions of the Pim1 promoter known to contain Sp1 consensus sequences (Meeker et al., 1990) . Primer pairs used were: pim1-prom forward1 5 0 -TGACACACATCCCTTCCC-3 0 and pim1-prom reverse1 5 0 -TGGAACAGAACTGGAGGC-3 0 , flanking a region between nucleotide À953 and À789 of the Pim1 promoter region; pim1-prom forward2 5 0 -CGGCGTAGAGAC CATTCTGA-3 0 and pim1-prom reverse2 5 0 -C TGCAGCA GACGCCCGGCTC-3 0 flanking a region between nucleotide À309 and þ 37 of the Pim1 promoter region (location based on nucleotide upstream of Pim1 start codon).
